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Light-matter interactions at the nanoscale constitute a fundamental ingredient for engineering
applications in nanophotonics and quantum optics. To this regard electromagnetic Mie resonances
excited in high-refractive index dielectric nanoparticles have recently attracted interest because of
their lower losses and better control over the scattering patterns compared to their plasmonic metal-
lic counterparts. The emergence of several resonances in those systems results in an overall high
complexity, where the electric and magnetic dipoles have significant overlap in the case of spherical
symmetry, thus concealing the contributions of each resonance separately. Here we show, exper-
imentally and theoretically, the emergence of strong light-matter coupling between the magnetic
and electric-dipole resonances of individual silicon nanodisks coupled to a J-aggregated organic
semiconductor resonating at optical frequencies, evidencing how the different properties of the two
resonances results in two different coupling strengths. The energy splittings observed are of the
same order of magnitude as in similar plasmonic systems, thus confirming dielectric nanoparticles
as promising alternatives for localized strong coupling studies. The coupling of both the electric
and magnetic dipole resonances can offer interesting possibilities for the control of directional light
scattering in the strong-coupling regime and the dynamic tuning of nanoscale light-matter coupled
states by external fields.
I. INTRODUCTION
Light-matter interactions constitute a fundamental
field of study in photonics, since it opens routes for ex-
ploring novel physical effects and exploiting applications
in optoelectronics and quantum optics.[1] Although this
field started growing around high-quality-factor cavities
with extremely low losses and diffraction limited mode
volumes,[2, 3] in recent years increasing interest has been
devoted to push the research down to the nanoscale by
using open nanocavities, with the promise of shrink-
ing light-matter interaction lengths down to scales much
smaller than a single wavelength[4] and manipulating the
generation of nonclassical light by quantum emitters.[5]
To this regard, plasmonic resonances localized in
metallic nanoparticles have been so far the preferential
studied platform. Indeed, their ability to enhance and
concentrate light in extremely sub-wavelength volumes,
together with their high sensitivity to the environment’s
refractive index, make them ideal to study the interac-
tions with nearby molecules or quantum emitters. As a
result, exciting effects have been observed so far, includ-
ing Purcell enhancement,[6, 7] enhanced Raman[8] and
fluorescence[9, 10] spectroscopy, localized heating[11] and
sensing.[12, 13]
Of particular interest is the case when light-matter
interactions enter the so-called strong-coupling regime.
This happens when the coupling strength exceeds the
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overall system losses, meaning that (nano)cavity pho-
tons and nearby emitters can coherently exchange energy,
while the emitter occupation oscillates at the so-called
Rabi frequency. As a result the system becomes an effec-
tive mixture of light and matter components, named po-
laritons, characterized by a peak splitting in the scatter-
ing and absorption spectrum and an anti-crossing in the
dispersion. More importantly, as effective light-matter
mixtures, polaritons offer the unique potential of dress-
ing photons with nonlinearities.[14, 15]
In the field of plasmonics, strong coupling has been
widely investigated when integrating metallic nanoparti-
cles with organic and inorganic materials sustaining ex-
citonic transitions.[16] Under the proper conditions, J-
aggregating molecules,[17–19] dyes,[20] quantum dots[21]
and two-dimensional (2D) materials[22, 23] placed
nearby resonant metallic nanoparticles or nanoparticle
arrays, have been shown to give rise to strong plasmon-
exciton coupling. More importantly, many interesting
effects have been predicted and observed in these sys-
tems, including coherent emission,[17] lasing in nanopar-
ticle arrays,[24–26] ultrafast Rabi oscillations,[27] chem-
ical dynamics tuning,[28] coupling with dark excitonic
states[29] and few- to single-emitter coupling.[30, 31]
However, high absorption losses in metallic materials still
remain the main drawback of studying strong-coupling
effects in plasmonics, given the resulting broad reso-
nances with extremely short lifetimes, of the order of few
femtoseconds. Moreover, plasmonic materials suffer from
heating effects that can hinder the access to nonlinear-
ities, and from a poor integration with existing device
technology,[32] thus encouraging the explorations of al-
ternative platforms for studying light-matter interactions
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2at the nanoscale.
From this point of view, high-refractive-index di-
electrics have recently been considered as a possible alter-
native for generating localized optical resonances at the
nanometer length scale.[33] In this case, in fact, rather
than from collective oscillations of free charge carriers,
optical resonances arise as a result of the oscillation of po-
larization charges and the circular displacement current
inside the particles when the light wavelength and the
particle size become comparable.[34] Even though this
behaviour is well known since Mie’s works on scatter-
ing by small particles,[35] it is now raising new inter-
est because of the unique possibilities offered in terms of
the excitation of magnetic dipolar and multipolar reso-
nances, the control of the light scattering pattern,[36, 37]
and the presence of anapole resonances.[38] The opti-
cal properties of these particles have been investigated
for applications in sensing,[39] metasurfaces,[40] local
field enhancement and nonlinearities.[41] Furthermore
strong light-matter coupling has been predicted and in-
vestigated in these systems when interacting with ex-
citonic transitions, and it was recently shown in 2D
transition metal dichalcogenides nanodisks, simultane-
ously hosting the excitonic and the Mie resonances.[42]
On the other hand, high-refractive-index nanospheres
have been theoretically studied showing the accessibility
of the strong-coupling regime with dyes having a suffi-
cient oscillator strength,[43] while experiments in a sim-
ilar system have shown a peak splitting appearing well
below the strong-coupling criterion,[44] thus being only
an induced-transparency effect.[45] Moderate-refractive-
index nanoparticles have been investigated as well, show-
ing a weak-coupling behaviour.[46]
Here we report on the onset of the strong-coupling
regime between the Mie resonances of silicon nan-
odisks and a molecular J-aggregate. Unlike nanospheres,
lower symmetry geometries enable to independently
tune the magnetic-dipole (MD) and electric-dipole (ED)
resonances.[47] In this way we studied the light-matter
coupling behaviour of the two separately, finding both the
resonances to be above the onset of the strong-coupling
regime. Experimental and numerical results show that
the MD of small nanodisks is characterized by a larger
coupling strength with respect to the ED of larger nan-
odisks resonating at the same frequency. This behaviour
can be understood in terms of the different near-field pro-
files of the two resonances, resulting in a different overlap
with the thin excitonic layer.
II. RESULTS AND DISCUSSION
Our sample consists of silicon nanodisks (NDs) on a
sapphire substrate. Sapphire has a slightly higher refrac-
tive index (n = 1.775 at λ = 500nm) than other com-
monly used substrates like quartz or glass, but this has
been shown to result in only a slight increase of the radia-
tive damping and a broadening of the MD and ED res-
onances of the supported dielectric particles, especially
in the cases when a large contact area exists between
nanoparticles and substrate.[47] The cylindrical geome-
try, as we will show in the following, was chosen because
of the straightforward fabrication procedure, and the pos-
sibility to independently tune the MD and ED resonances
by geometric considerations, a possibility that is not of-
fered in the more symmetric case of nanospheres.[48]
The nanofabrication approach is sketched in Figure 1a.
A silicon-on-sapphire (SOS) substrate with a 100±10 nm
thick silicon layer was spin coated with a 200 nm thick
hydrogen silsesquioxane (HSQ), used as a negative-tone
resist for electron-beam lithography. NDs with different
diameters (ranging from 100 nm to 300 nm) were fabri-
cated, arranged in 15×15 square lattices with 3µm pitch,
so as to minimize near-field interactions between neigh-
boring particles and enable single-particle measurements.
The sample was then plasma etched, followed by BHF
wet etching to remove the remaining exposed resist (see
Methods section for the details). Scanning-electron mi-
croscope and optical dark-field microscope images of the
resulting final sample are shown in Figure 1b–c, respec-
tively.
The sample was optically investigated by dark-field
spectroscopy on an inverted optical microscope. Broad-
band light from a tungsten lamp was focused at a grazing
angle of θ ∼ 78◦ by a 100×, 0.95 numerical aperture ob-
jective lens, used also to collect the back-scattered light.
The real image of the sample was then reconstructed on
the entrance slits of an imaging spectrometer equipped
with a CCD camera. In this way, the proper in-plane
alignment of the sample enables the simultaneous mea-
surement of all the aligned 15 nanoparticles in a lattice
column (see Supporting Information).
The measured ND back-scattering spectra in the in-
vestigated diameter range are shown in Figure 2a. Here,
bright optical resonances appear as scattering peaks,
spanning the whole visible to near-infrared spectral
range, and redshifting with increasing ND diameter. In
particular, small diameter NDs are characterized by an
individual sharp resonance at short wavelengths, result-
ing in bright colors when observed under dark-field exci-
tation (Figure 1c). As the ND diameter exceeds 150 nm
this resonance becomes weaker, while higher-order reso-
nances of comparable strength appear at shorter wave-
lengths, continuously redshifting as the ND diameter in-
creases. This behaviour, that is well-known in high-
refractive-index NDs,[49] can be exploited to achieve
highly directional scattering when superimposing the MD
and ED resonances.[36, 37]
To shed light on the nature of the observed resonances,
we explored the system electrodynamics with the aid of
the extended boundary-condition method (EBCM) for
the evaluation of the scattering T matrix of nonspher-
ical particles.[50] Since EBCM is based on expanding
the incident and scattered fields in spherical waves, the
method provides a straightforward way to characterise
the resonances in terms of angular-momentum indices,
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FIG. 1. (a) Sketch of the nanofabrication procedure. Hydrogen silsesquioxane was used as an electron-beam resist for electron-
beam lithography on a silicon on sapphire substrate, followed by plasma etching of silicon and wet etching of the exposed resist.
(b) Scanning electron micrograph and (c) dark field optical image of typical fabricated structures arranged in a 3µm pitch,
with 110 nm and 150 nm diameter nanodisks, respectively.
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FIG. 2. Experimental (a) and simulated (b) scattering spectrum dispersion of individual silicon nanodisks, shown as a function
of the particles’ diameter. The visible Mie resonances show a continuous redshift with increasing nanoparticle size, while higher-
order contributions appear for larger particles. (c) Calculated resonance decomposition for small (150 nm) and large-diameter
(250 nm) nanodisks. The first observable resonance for small particles is a magnetic dipole. The second peak, appearing
at higher energy for larger particles is instead an electric dipole, while multipolar contributions also appear at even shorter
wavelengths.
thus assigning a predominant electric (magnetic) dipole,
quadrupole etc. character to them (see Methods). In
the case of spherical particles, the method reduces to the
well-known Mie theory. [35]
The results are shown in Figure 2b, resembling the ex-
perimentally observed dispersion. The scattering spectra
4of two representative diameter NDs (in air) were further
analyzed and decomposed in the contributions of the dif-
ferent elementary resonances through the corresponding
elements of the T matrix (see Methods), as shown in Fig-
ure 2c. Here the first peak appearing in small-diameter
NDs (d = 150nm) can be ascribed to a MD resonance.
According to Mie theory for spherical nanoparticles, this
resonance arises when the effective wavelength of light in-
side the particle (λ/n, with n being the refractive index
of the particle) equals its diameter d. This is also the case
here for the smallest NDs (where the diameter and the
height of the ND are both 100 nm, and it is reasonable to
approximate the particle shape by that of a sphere), con-
sidering that the refractive index of silicon at λ = 470nm
is approximately n ∼ 4.5[51] and the observed peak is
centered at λ = 470nm. As observed experimentally, the
MD redshifts for larger NDs, while resonances predom-
inantly arising from an ED and higher order multipoles
appear at shorter wavelengths (see Figure 2c).
In order to investigate light-matter interactions sup-
ported by silicon NDs, an organic J-aggregating cyanine
dye (5,6-dichloro-1-ethyl-3-sulfobutyl-2-(3-(5,6-dichloro-
1-ethyl-3-sulfobutyl benzimidazolinylidene-1-propenyl)
benzimidazolium hydroxide, inner salt, sodium salt or
TDBC) was drop-casted from a dilute methanol solution
on the sample (see Methods for the details). This
particular dye was chosen because of its high-energy
J-aggregate absorption band centered at 585 nm (shown
in Figure 3a), where the MD and ED resonances of the
silicon NDs are sharp and well separated in energy (see
Figure 2a), so as to enable the investigation of the cou-
pling behaviour of the two resonances separately. The
sample was then studied by dark-field back-scattering
spectroscopy, whose results are shown in Figure 3b–e
and compared to numerical results (see Methods for
details). For small diameter NDs, whose MD resonance
is highly detuned with respect to the J-aggregate
exciton energy (Figure 3b), the scattering spectrum is
characterized by an intense peak at the MD resonance,
whose energy position is unaltered with respect to the
case without molecule. A lower-intensity asymmetric
peak also appears around the exciton energy, that
can be ascribed to photoluminescence (PL) from the
J-aggregated dye, shown as a black line in Figure 3a (see
Methods for details). On the other hand, when the MD
is resonant at the exciton energy (Figure 3c–d) a peak
splitting arises, while the ED peak remains unchanged.
The same behaviour is observed as the diameter of the
NDs is further increased (Figure 3e): here the ED is
tuned to be resonant with the exciton energy, while
the MD resonance appears as a broad peak at longer
wavelengths. This behaviour suggests that, in our
geometry, no significant cross-talk takes place between
the MD and the ED, and that the two resonances couple
with the exciton mode without affecting each other. We
note here that, although a further increase of the ND
diameter would also result in the resonant tuning of
higher order resonances at the exciton energy, in this
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FIG. 3. (a) Absorption (red) and photoluminescence (black)
spectra of the J-aggregated dye (TDBC), whose chemical
structure is shown in the inset. (b–e) Evolution of the Mie-
exciton coupling as a function of the ND diameter. The black
curves correspond to the nanodisks spectra without molecule,
while the blue curves are the corresponding spectra in pres-
ence of the dye. The orange spectra are numerically calculated
spectra for a silicon ND with a thin (20 nm) dye layer on top
(see Methods).
case the presence of several contributions centered at
similar energy would not enable a clear analysis of the
coupling (see Supporting Information).
To verify the nature of the Mie-exciton light-matter
coupling for the MD and the ED, we extracted the
peaks’ energy positions for all the fabricated diameters,
as shown in Figure 4 as a function of each resonance
5(MD/ED) detuning δ with respect to the exciton en-
ergy. Here an anti-crossing behaviour arises when both
the MD and ED cross the exciton energy (Eexc = ~ωexc =
2.11 eV). Considering that the MD and ED are mutually
non-interacting, each resonance dispersion can be fitted
independently with a standard two-coupled-oscillators
model: (
ω1 − iγ12 g
g ω2 − iγ22
)(
a1
a2
)
= ω
(
a1
a2
)
(1)
where ωj (j = 1, 2) are the energies of the uncoupled
initial states aj , and g is the coupling strength between
the selected Mie resonance (j = 1) and the excitonic
transition of the dye (j = 2). In our case γ2 = γexc =
40meV, while ~γ1 = ~γMD ' 120meV for the MD and
~γ1 = ~γED ' 150meV for the ED resonances, as ob-
tained by fitting the spectra (see Supporting Informa-
tion). We can thus fit the experimental data with only
the coupling constant as a fitting parameter, resulting
in a coupling strength ~gMD = 68 ± 2meV for the MD
resonance and ~gED = 60± 3meV for the ED resonance.
A similar result was found by numerical calculations on
the coupled system (see Methods for details), obtaining
~gMD = 72± 2meV and ~gMD = 59± 2meV.
The condition to formally evaluate if one system is in
the strong-coupling regime has been recently discussed
in the literature.[16, 52] Briefly, the solution of the two-
coupled-oscillators problem at zero detuning (ω2 = ω1 =
ω0) reads
ω± = ω0 − iγ1
4
− iγ2
4
± 1
4
√
(4g)
2 − (γ1 − γ2)2, (2)
where ω± are the energies of the of the resulting hybrid
states. It may then seem that a condition for defining
the onset of the strong coupling could rely on the max-
imization of the splitting, maximizing the term in the
square root, that is 2g > |γ1 − γ2| /2. However, as we
will explain in the following, in the presence of significa-
tive damping this condition can be interpreted as only
necessary but not sufficient.
To ease our discussions, we define the following quanti-
ties: 2ω12 ≡
√
(4g)2 − (γ1 − γ2)2 and Q12 ≡ 2ω12/(γ1 +
γ2). Next, solving for the dynamics of an initially ex-
cited emitter and an empty cavity, one can obtain exact
analytical expressions for the occupation factors for the
emitter and the cavity, i.e. |a1(t)|2 and |a2(t)|2. Whereas
the literature offers several more or less appealing figures
of merit, the point here is that the above parameteriza-
tions constitute the one and only natural re-scaling of
the time variable in the context of the analytically exact
solution to the dynamics (see Supporting Information).
In the large-g limit, the solutions are straightforwardly{|a1(t)|2
|a2(t)|2
}
' exp
(
−ω12t
Q12
)
×
{
sin2
(
1
2ω12t
)
cos2
(
1
2ω12t
)} . (3)
Thus, ω12 is indeed the characteristic Rabi-like frequency
of the oscillations, while in the spirit of cavity ring-
down-spectroscopy Q12 is a quality factor that quan-
tifies the number of oscillations of the system, before
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FIG. 4. Anti-crossing behaviour of the observed peak split-
ting as a function of the bare Mie-exciton detuning for the
magnetic dipole (a) and the electric dipole (b) resonances.
Red lines show the fitting based on a two coupled oscillators
model, with only the coupling strength g as a fitting param-
eter. The fitting result is indicated in the inset.
the overall occupation decays in the presence of damp-
ing, i.e., |a1(t)|2 + |a2(t)|2 ' exp
(
−ω12tQ12
)
. Similar fig-
ures of merit expressed in a slightly different notation
have appeared elsewhere [53]. As such, Q12 = 1 un-
ambiguously marks the transition from weak to strong
coupling. In other words, strong coupling implies that
2g > 2g∗ ≡
√
γ21+γ
2
2
2 . This inequality, in the limit of
γ1 ∼ γ2 becomes 2g & γ1+γ22 , a condition that was
shown to coincide with the coupled-system spectrum be-
coming flat-topped.[52] Both these inequalities are usu-
ally used in the literature for defining the threshold for
the strong-coupling regime. In our case, considering that
~γexc = 40meV, ~γMD ' 120meV and ~γED ' 150meV,
we get 2~g∗MD ∼ 90meV and 2~g∗ED ∼ 110meV thus
demonstrating that both the MD and the ED enter the
strong-coupling regime. These splittings are neverthe-
less of the same order of magnitude as those predicted
for silicon nanospheres in a core-shell geometry,[43, 54]
and as the ones reported for plasmonic systems on indi-
vidual and arrays of particles interacting with the same
molecule,[18, 19] thus confirming that high-refractive-
index nanoparticles can be a valid alternative platform
to metals, for strong-coupling applications.
Another interesting effect observed in our system is the
6difference in the coupling strength between the MD and
the ED resonances, observed both experimentally and nu-
merically. Contrary to what one might perhaps presume,
the MD shows a larger coupling strength compared to the
ED. In general, since the electromagnetic field profiles are
expected to be spatially different for the two resonances,
there is every reason to expect the frequency splittings
to differ as well. This is because the coupling constant g
can be considered as an indirect measure of the overlap
between the electric field of one optical mode and the dye
in the near-field of the nanoparticle. In order to check
this, we performed numerical calculations on a silicon ND
geometry excited at normal incidence with a plane wave,
and calculated the electromagnetic field total intensity
(colour scale) and the electric field amplitude (arrows)
at resonance, in a vertical plane cutting the silicon ND
in its centre, as shown in Figure 5. We chose the two
ND diameters corresponding to the zero detuning con-
dition for the MD (d = 150nm, Figure 5a) and the ED
(d = 230nm, Figure 5b); for a short discussion on the
differences in sizes between experiments and simulations,
see Methods. The results clearly show that the inten-
sity and electric field profiles are completely different in
the two cases. For the small ND, the electromagnetic
field profile at resonance resembles that of a magnetic
dipole, with a clear circulating electric field loop inside
the particle. On the other hand, the larger ND shows an
electric dipole behaviour, with an antinode in the elec-
tric field amplitude at the particle center. It is also clear
that the electric field intensity is higher all around the
smaller ND (d = 150nm, Figure 5a), and particularly at
the ND sides. Although the J-aggregate geometrical dis-
tribution around the ND is not well-known, it is natural
to assume that a higher field intensity leads to stronger
near-field mediated interactions. Furthermore, consider-
ing the surface-to-volume ratio as a very rough indication
of the ratio between the total electric field energy and the
physical space available for the molecules, it is plausible
that the smaller ND exhibits a larger splitting. However,
given the uncertainty about the molecules position and
their dipole orientation distribution, nothing more con-
clusive than this can be safely stated, and we stress here
that particular attention must be devoted when studying
dielectric systems with overlapping electric and magnetic
dipolar resonances. On the other hand, fewer degrees
of freedom can be offered by two-dimensional materials,
whose homogeneity and in-plane dipole orientation might
result in a simpler system to be studied.[43, 54]
III. CONCLUSIONS
In summary, we have investigated experimentally and
theoretically the light-matter coupling between Mie reso-
nances supported by high-refractive-index nanodisks and
excitons in a J-aggregated dye. The lower geomet-
rical symmetry of our nanoparticles compared to the
nanosphere case, enables to spectrally separate their MD
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FIG. 5. Logarithm of total electric field intensity (colour
scale) and orientation of the real in-plane part of the electric
field (arrows) at resonance and under normal incidence, cal-
culated for silicon nanodisks with (a) 150 nm and (b) 230 nm
diameter. Here z < 0 represents the sapphire substrate. The
smaller disk clearly exhibits a magnetic-dipole-like behaviour,
with a loop in the electric field amplitude inside the particle,
while the larger disk shows an electric-dipole-like behaviour,
with an antinode at the nanodisk center.
and ED resonances, and to independently investigate
their coupling with the excitonic dipoles. An energy split-
ting was observed in both cases, larger than the losses
in the system, thus setting our system in the strong-
coupling regime. Interestingly, we found that the two
resonances show a different coupling strength to the exci-
tonic dipoles, as a consequence of their different near-field
profiles at resonance. The coupling strength measured in
our system is comparable to those reported for similar
metallic systems, thus confirming that high-refractive-
index nanoparticles can be a valid alternative platform to
plasmonics for room-temperature strong-coupling appli-
cations. Moreover, some less lossy high-refractive-index
materials may be considered in the future in order to ex-
cite even sharper resonances, that can in principle result
7in a more efficient light-matter coupling and larger split-
tings. On the other hand, realizing strong light-matter
interactions on dielectric nanoparticle systems can be in-
teresting when exploiting the unique features of Mie res-
onances, such as directional scattering and high intrinsic
nonlinearities.
IV. METHODS
A. Sample fabrication
A silicon-on-sapphire substrate was cleaned in acetone
and 2-propanol in an ultrasonic bath for 30 minutes, then
dried with a nitrogen steam. Hydrogen silsesquioxane
(Dow Corning XR-1541-006) was then spin coated on the
sample at 500 rpm for 5 seconds followed by 1200 rpm
for 45 seconds, and then baked on an hot plate at 170◦C
for 2 minutes, resulting in a final resist thickness of ap-
proximately 200 nm. The nanostructures were written by
electron beam lithography with varying design diameter
(in 20 nm steps) and at different doses, so as to obtain
a fine diameter tuning. After developing the hydrogen
silsesquioxane in tetramethylammonium hydroxide, the
silicon beneath was etched. The etching process is a
standard BOSCH process, where after an isotropic etch,
a passivation process follows. This sequence is repeated
until the desired etch depth is achieved. In our case,
since one cycle etches ca. 40 nm, we etched the sample
for 3 cycles ensuring a complete etch of the silicon layer,
as clearly evidenced by the change in the substrate ap-
pearance from a semi-opaque green colour to completely
transparent. Thereafter, a quick 5 minutes BHF bath
removed the hydrogen silsesquioxane layer. The sample
was finally cleaned in acetone and 2-propanol. We ob-
serve that the electron beam lithography process changes
the surface properties of the substrate in the area around
the structures, thus making impossible the dye deposition
by spin coating without employing surface chemistry. We
thus drop-casted the dye from a dilute solution (0.1mM
methanol solution diluted 1:6 in DI water) depositing a
2µL drop on the nanostructured area and slowly drying
it with a gentle nitrogen flow.
B. Optical characterization
Optical characterization was performed on an inverted
optical microscope in dark-field configuration, exciting
the sample and collecting back-scattered light through
an high numerical aperture (100×, NA= 0.95) objec-
tive lens. The optical image of the sample at the out-
put port of the microscope was collected with a 150mm
focal length doublet lens and reconstructed on the en-
trance slits of an imaging spectrometer with a 200mm
focal length doublet lens. The nanodisks array was care-
fully aligned with the entrance slits of the spectrometer
so as to simultaneously measure 15 particles in a sin-
gle CCD image. PL spectra from the molecular layer
were measured on a Raman microscope, exciting with a
diffraction-limited spot at λ = 532 nm. Low power was
used for the excitation, so as to avoid photo-bleaching of
the dye.
C. Numerical calculations
The scattering properties of individual NDs were cal-
culated with an efficient T -matrix method,[55] namely
EBCM,[50] whose principal characteristic is that it takes
the boundary conditions of continuity of the tangential
components of the fields into account through appropri-
ate surface integrals. The incident field is expanded into
vector spherical waves about the origin, with expansion
coefficients a0P`m, where P = E,H is the polarization, of
electric or magnetic type, and `,m are the usual angu-
lar momentum indices. Accordingly, the scattered wave
is expanded into vector spherical waves with expansion
coefficients a+P`m, which are connected to those of the
incident field through the elements of the T matrix, with
a+P`m =
∑
P ′`′m′
TP`m;P ′`′m′a
0
P ′`′m′ . (4)
For spherical particles, T is diagonal with respect to P
and `, and independent of m. For non-spherical parti-
cles, however, this no longer holds and, strictly speaking,
an unambiguous classification of its eigenvalues in terms
of polarization and angular momentum cannot be made.
Nevertheless, for relatively small NDs, one largely pre-
dominant matrix element always exists, and this is what
we plot in Figure 2c. For increasing ND size, the con-
tribution and mixing of off-diagonal elements becomes
ever more important, and assigning a predominant char-
acter to the resonances – especially higher-order ones –
becomes practically impossible. This is strikingly visi-
ble in the lower panel of Figure 2c, where the scattering
peak at 580 nm cannot be reproduced by any scattering
matrix element alone, while a higher-order contribution
peak (red line) at 550 nm does not correspond to a scat-
tering peak due to its inefficient excitation from the inci-
dent plane wave. Scattering and extinction-cross sections
are calculated through
σsc =
1
q2
∑
P`m
∣∣∣∣∣ ∑
P ′`′m′
TP`m;P ′`′m′A
0
P ′`′m′ · pˆ
∣∣∣∣∣
2
, (5)
σext = − 1
q2
Re
∑
P`m
(
A0P`m · pˆ
)∗ ∑
P ′`′m′
TP`m;P ′`′m′A
0
P ′`′m′ ·pˆ ,
(6)
where q = ωc
√
εµ is the wavenumber of the incident wave
of angular frequency ω in a homogeneous environment
with permittivity ε and permeability µ, and c is the ve-
locity of light in vacuum. The matrix elements A are
8related to the expansion coefficients a0P`m of an inci-
dent plane wave with electric field E0 and polarization
pˆ through [56]
a0P`m = A
0
P`m(q) · pˆE0(q) . (7)
To describe the J-aggregate/silicon ND system, we
use the Extended Layer-Multiple-Scattering (ELMS)
method, [56] which is ideal for periodic arrays of spherical
or cylindrical scatterers. Initially developed for scatter-
ers with spherical symmetry described through Mie the-
ory, [57] the method has been extended through imple-
mentation of EBCM, and can efficiently describe trans-
mission and reflection from combinations of stacked ar-
rays of disks or cylinders of various sizes, with the restric-
tion that all arrays have the same two-dimensional peri-
odicity. [58–60] In our case, we consider “birthday cakes”
where the role of the cake is played by the silicon ND,
and an “icing” of thickness 20 nm and the same diame-
ter is introduced as the molecule. These two-component
particles are arranged in square arrays with lattice con-
stant 720 nm, which ensures that interactions between
individual building blocks are minimal, while lattice res-
onances from the Rayleigh–Wood anomalies are kept out-
side the wavelength window of interest, as much as possi-
ble. Weak interactions for the larger NDs, and small dif-
ferences between the modelled and real permittivities, ex-
plain why slightly smaller particles are required to match
the theoretical and experimental spectra, e.g. a diame-
ter of 230 nm is used in the simulations for the 250 nm
ND of the last panel of Figure 3. The arrays are illumi-
nated by p-polarized light, incident at an angle of 70o,
and reflectance spectra are calculated by integrating the
energy flow above the structure over the first Brillouin
zone. The coupling strengths are then obtained through
the width of the anticrossing in the reflection spectra at
zero detuning .The composite arrays are deposited on a
semi-infinite sapphire substrate, described by a relative
permittivity equal to 3.13. For the permittivity of silicon
we use the experimental values of Green, [61] while for
the molecule we use a Lorentzian permittivity,
εmol = ε∞ − fω
2
exc
ω2 − ω2exc + iωγ2exc
, (8)
with ε∞ = 2.56, ~ωexc = 2.11 eV, ~γexc = 0.03 eV, and
f = 0.35.
In all EBCM calculations, we truncate the angular-
momentum expansions at `max = 12. A larger number of
matrix elements corresponding to `cut = 16 is required at
some steps within the method, although they are not in-
volved in the final calculation of cross sections. Integrals
at the surface of the particles are calculated with a Gaus-
sian quadrature integration formula, with 4000–6000 in-
tegration points, depending on the ND size. The only
additional convergence parameter involved in ELMS is
the number of reciprocal-lattice vectors involved in plane-
wave expansions, and here 161 vectors were required to
achieve convergence.
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